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CFD Analysis of the
ATD HPFTP Inlet Guide Vanes

6N and Side Bands

l‘\ﬁ\\‘a

|

p-measurement)

Alpha Frequency

(from

_ \\\ o
|
ln mel“

A

\ \‘4 i
| \ \\
|Humm\\ﬂl||“\“\J\\

W«“

|

i

: m“““”“““l \

o
=3
~

.

v o
2 ‘
- o
=S
.
~

\
\

(

)
o
o
n
<
M
3

|

o
o
[~}

L

| " ..... ﬂh 1| il - l{
-
l}!:m “I

l I

l||

-'°e

o -

m

el
rnesd
—g i

’~"a

' flll"
’r p |mu

! L f

{

/

|

rm
III||1|

Plots cover changes in power level and
in pump inlet pressure
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SWIRL ANGLE - DEGREES

SWIRL ANGLE - OEGREES
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ATD HPFTP Inlet Water Rig Data
IGV Leading Edge Swirl Angle Variation
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Particle Traces For the 25 Degrees Inlet Swirl Case

Particles Dropped Near the Hub
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ATD HPFTP Inlet Guide Vane Analys

Axial Vel. (ft/sec)
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ATD HPFTP Inlet Guide Vane Analysis: Swirl Angle = 25

Axial flow at the impeller inlet

Axial Velocity (ft/sec)

O0—-oOr=0.10
o——0r=0.50

-100 00 100 200 300 400 500 60.0
Circumferential angle (degrees)

Flow angles: absolute and relative
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o—0 absolute, r = 0.50
O—— absolute, r=0.90
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=——= relative, r=0.50
+——a relative, r=0.90

Flow Angle (degrees)
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Relative Radius

e

Relative Radius

ATD HPFTP Inlet Guide Vane Analysis

Axial flow at the impeller inlet
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Total pressure at the impeller inlet
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Workshop for CFD Applications in Rocket and Launch Vehicle Technology

Dynamic Water Flow Tests Using Four-Bladed Axial Flow Inducers

Tom Nesman, and Wayne Bordelon
Fluid Dynamics Division
National Aeronautics and Space Administration, MSFC
Marshall Space Flight Center, AL 35812

Dr. Jen Jong
Al Signal Research, Inc.
3322 South Memorial Parkway. Suite 67
Hunstsville, AL 35801

Abstract

Unsteady fluid mechanisms in pumping systems have the potential of causing high amplitude vibrations in
rocket engines. An inducer flow test series using water was conducted to investigate this type of
mechanism. The mechanisms of interest are generated by flow through an unshrouded four-bladed inducer.
High frequency signal analysis was utilized to determine dynamic characteristics of the flow associated with
various inducer blade angles, radial tip clearances, and blade chords. The test was conducted at NASA's
Marshall Space Flight Center where the inducer test leg was constructed for this type of testing.

The high frequency characteristics of inducer cavitation were a special focus of the water flow test.
Typically, rocket engine turbomachines are required to pump at suction specific speeds near head fall off to
achieve the desired efficiency and to perform over the range of varying inlet pressures experienced during
boost to orbit. Under these conditions pump inducers are likely to experience local cavitation that can
degrade performance and introduce unsteady oscillations to the feed system. The cavitation characteristics
observed on these tests followed a fairly repeatable sequence. At relatively high inlet pressure, small
cavitation clouds are present behind each of the four inducer blades. The second type of cavitation
occurred when the inlet pressure was lowered until two symmetric cavitation clouds appeared behind
alternate blades. A third type of cavitation occurred just before head fall-off with two alternate blade
cavitation clouds of different size. Distinct pressure oscillation frequencies are associated with each type of
cavitation. Oscillations show up as synchronous frequency multiples, non-synchronous anomalous
frequencies, as narrow band random signals, or as broadband random noise.

Five different inducer designs were tested. Fluctuating pressure throughout the model and strain on the
blade surfaces were measured and correlated to operating parameters and visual observations of the flow.
Several digital signal processing techniques were used to analyze the high frequency data. Spectral analysis
was performed on all high frequency measurements and plotted as an isospectral plot that showed relative
amplitude and frequency versus suction specific speed. A topographical map of the blade fluctuating strain
was made to identify the forced response of the blade as a function of chord and suction specific speed. In
addition, a new technique called coherent phase wide band demodulation, was used to account for the
relative cavitation intensity. The coherent phase wide band demodulation uses the physical modulation
relationship between the broadband cavitation noise and unsteady flow oscillations to recover the hidden
periodicity buried in the broadband signal of the measured fluctuating pressure. The magnitude of the
recovered periodic is used as an indication of relative cavitation severity.

Using the water flow model, the inducer test leg facility was capable of providing suction specific speeds
over a wide operational range. This allowed detailed definition of the operational parameters as well as
investigation of potential fluid oscillation mechanisms. High frequency signal processing techniques were
used to analyze the fluid oscillations with emphasis on cavitation. This presentation provides a synopsis of
the observed fluid dynamic behavior in terms of signal characteristics and typical pump operating
parameters.
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Influence of Tip Clearance and Reynolds Number
on the Flow in the ADP Inducer

Joan G. Moore and John Moore

Mechanical Engineering Department
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061-0238

ABSTRACT

Calculations of three-dimensional turbulent flow in the Rocketdyne Advanced
Development Program (ADP) rocket pump inducer showed significant backflow
and recirculation upstream of the leading edge at design and below design flow
rates. The influence of the tip clearance on the recirculation has been studied -
computationally by varying the shroud boundary condition and the tip clearance
in the inducer. The results showed that the tip clearance has only a small effect on
the leading edge backflow.

Rocket pumps are initially tested in air or water at Reynolds numbers well
below those for liquid hydrogen flow. Calculations over a wide range of Reynolds
number show the changes in overall performance due to variations in blade and
shroud shear.
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ADP inducer, design flow rate. Stationary shroud, 0.01 inch tip gap.
Mid passage velocity vectors and rotary stagnation pressure, P*,

Note leading edge tip vortex.

120




ADP Inducer 0.01 inch tip gap, stationary shroud
Vectors at 94% of blade height

Velocity vectors at 94% of blade height show incidence at leading edge.
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ADP Inducer 0.01 inch tip gap, stationary shroud

Vectors near shroud wall
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ADP Inducer 0.01 inch tip gap, stationary shroud
Vectors at blade tip height
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Velocity vectors show tip leakage flow flowing back into the leading edge vortex.
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0.01 inch tip gap.

Blades extended to shroud, no tip gap.

ADP inducer, design flow rate.
Inviscid shroud over the inducer, stationary shroud up and downstream of inducer,
Rotary stagnation pressure, P*, at mid-passage.

123




Backflow / Mass Flow Rate
tip gap, stationary shroud

_______ tip gap, inviscid shroud

— ——— no gap, inviscid shroud
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ADP inducer, design flow rate. Blades extended to shroud, no tip gap. |
Inviscid shroud over the inducer, stationary shroud up and downstream of inducer,
Static pressure, P, and velocity vectors at 94% of blade height.
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ADP inducer, design flow rate. Blades extended to shroud, no tip gap.
Inviscid shroud over the inducer, stationary shroud up and downstream of inducer,

Static pressure, P, and velocity vectors near suction surface.
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Stationary shroud
up and downstream of inducer.

—//_,,

Rotating shroud
up and downstream of inducer.

ADP inducer, design flow rate.
Blades extended to shroud, no tip gap, rotating shroud on inducer,
Rotary stagnation pressure, P*, at mid-passage.
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Leading Edge Tip Vortex
Tip Leakage ?
Incidence ?

Test case - ADP inducer 100% design flow rate
5 Calculations
with/without Tip Clearance
Different Shroud Boundary Conditions
Stationary shroud wall inlet to exit, 0.01 inch tip clearance (water test)
Inviscid shroud wall over inducer, 0.01 inch tip clearance
Inviscid shroud wall over inducer, blades extended to shroud, no tip gap

Rotating shroud wall over inducer, no tip gap
Rotating shroud wall inlet to exit, no tip gap

Conclusions
Leading edge tip vortex caused by incidence
Enhancement due to tip leakage is not large
If calculations with tip leakage cannot be run

Use inviscid shroud on inducer
Use stationary shroud up and down stream
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Calculations Varying the Reynolds Number
Design Flow Rate

pU.D.

tp tp
o

Re =

S.E.P. Ariane 5 Inducer

Re = 110 x 105  (~ liquid hydrogen)
Re = 11 x 10° (~ water test)
Re = 1.1 x 10° air test

Rocketdyne ADP Inducer
Re = 77 x 10° (~ liquid hydrogen)

Re = 7.7 x 10° water test
Re = 0.77 x 105  (~ air test)
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0.3

0.2

O.l

Net work

— 0.274
- ) . Blade loading
P - 0.171
Yrse = 0.115
Rotor shear
-------------------- “p""""-“--0.0B
TSs Shroud dissipation
[ R T I R R B A B B
0. 0.5 1.0

Meridional distance along inducer
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Contributions to work
input, air test of Ariane 5
LH2 inducer.

Reynolds number effects?




Work Contributions
L}

.7 T '
Ariane 5 inducer, first blade row
.6F 7
.5F l
.ar 1
3k e Net work .
——— £
---
______ =
5 p----"" :
2 Blade loading
1t R~ 1
~--.g Rotor shear
T ==-R
0 p——— TETEE S
Shroud dissipation

i 1 ] 1
100000 1000000 1.0E+Q7 1.0E+08 1.0E+08
Re

Work Contributions
1]

.7 T T
5 Net work
- E------ £-mol]
p--=--- P-=---= P
. Blade loading
A .
ADP inducer
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.2F -
AR -
A= _ a- Rotor shear
e
0 Pp——— p———E 5
Shroud dissipation

i 1 1 L
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Re = 77 x 105

Re = 0.77 x 10°

ADP inducer, design flow rate. Stationary shroud, 0.01 inch tip gap.

Rotary stagnation pressure, P*, at mid-passage.
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Figure 1. Baseline impeller geometry, blades colored by pressure
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Figure 4. Interim impeller geometry (case #4), blades colored by pressure
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Figure 7. Final impeller geometry (case #6¢), blades colored by pressure
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Figure 18. Velocity vectors for the final design (case #6c)
on a plane near the blade midspan
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Total Head Coefficient
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Figure 11. Radial distribution of total head coefficient rise (head/tip velocity squared
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Figure 12. Radial distribution of efficiency (actual head rise/Euler head rise)
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